Clean Venture 21 Corporation, Japan Silicon (Si) spheres were prepared by a powder melting method, and their microstructures and optical properties were investigated. The lattice constant of the Si spheres increased upon phosphorus (P) diffusion, compared to that before P diffusion. This was attributed to the presence of interstitial P atoms. A uorine-doped tin oxide (SnO x :F y ) anti-re ection lm was then coated on the surface of the Si spheres. Changes in the lattice constant and bandgap of the SnO x :F y lm occurred upon subsequent annealing. This was attributed to changes in the composition of the SnO x :F y lm.
Introduction
Photovoltaic technologies have grown rapidly in recent years, as photovoltaic devices play an important role in converting solar energy into electric power. 1) Crystalline silicon (Si) solar cells are the mainstream photovoltaic technology dominating the market. [2] [3] [4] Reducing the cost of solar cells is an important issue for further developing this technology. 5) In contrast to crystallite Si solar cells, spherical Si solar cells consist of Si spheres of diameter of approximately 1 mm, with a p-n junction. The spherical solar cells are promising candidates for low cost solar cells utilizing less Si. 3, 4, [6] [7] [8] [9] [10] [11] [12] Flexible and light weight spherical Si solar cells are also anticipated, and will be valuable in situations such as responding to emergency disasters. The conversion ef ciencies of spherical Si solar cells can be increased by producing high-quality Si spheres, 3, 4, [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] forming textured Si surface structures, 16) deactivating defects by passivation, 17) optimizing the concentrator module and re ector cup 18, 19) and preparing anti-re ection (AR) lms on the spherical Si solar cells. 12, [20] [21] [22] Si spheres have typically been grown by a dropping method. The crystallinity of the Si spheres depends on the growth process, cooling rate, gas pressure and crystal shape. 3, 4, 9, [13] [14] [15] [16] 20) A powder melting method for preparing Si spheres was recently proposed by our group. 12, [23] [24] [25] Compared with the dropping method, the powder melting method is a straight-forward process. It yields perfect Si spheres, so their crystal quality does not depend on the crystal shape.
The current study investigates the microstructures and optical properties of Si spheres prepared by the powder melting method. The in uence of phosphorus (P) diffusion into the Si spheres on the microstructure was investigated. The effect of annealing on uorine-doped tin oxide (SnO x :F y ) thin lms was also investigated. SnO x :F y lms exhibit good electrical conductivity and transparency in the visible region of the spectrum. 20, [26] [27] [28] These properties make it a good candidate for AR lms for spherical Si solar cells. 20) The microstructures of the Si spheres and SnO x :F y thin lms were investigated using X-ray diffraction (XRD), scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS). The optical properties of the Si spheres and SnO x :F y lms were also investigated using optical spectroscopy.
Experimental
Si spheres were prepared using the powder melting method. 12, [23] [24] [25] Non-doped Si powder bound by a template was melted at 1450 C, to prepare the Si spheres. The diameter and weight of the Si spheres at this time were approximately 1.3 mm and 2.4 mg, respectively. To obtain p-type Si spheres, the non-doped Si spheres were cleaned by chemical etching, and then annealed at 1200 C in gas mixtures of nitrogen and boron tribromide. The Si spheres containing a boron (B)-doped layer were then melted at temperature slightly above the melting point of Si, in an atmosphere containing an inert gas and oxygen, before being slowly cooled. To form a Si p-n junction, phosphorus oxychloride solution was sprayed onto the polished p-type Si spheres, which were then annealed at approximately 900 C. The thickness of the P-doped layer was approximately 500 nm. A SnO x :F y lm was prepared on the surface of the Si spheres with p-n junctions, by spraying with tin (IV) uoride solution and then annealing at 710 C for 15 min. The SnO x :F y lm thickness was approximately 100 nm. 12, [23] [24] [25] The microstructures of the Si spheres and SnO x :F y lms were investigated using SEM (Jeol, JSM-6010PLUS/LA) and XRD (Bruker, D2 PHASER) in the θ-2θ scanning geometry. The P content of the Si spheres, and Sn, O and F contents of the SnO x :F y lms were determined by EDS. Secondary ion mass spectroscopy (SIMS) was used to estimate the P content of the Si spheres after P diffusion. Optical absorption spectra of the Si spheres and SnO x :F y lms were collected by ultraviolet-visible-near infrared spectroscopy (Jasco, V-770), using a re ection geometry. Optical transmittance spectra of the SnO x :F y lms grown on SiO 2 glass substrates were also collected. All measurements were carried out at room temperature.
Results and Discussion

Si spheres
Figure 1(a) shows a SEM image of a Si sphere before P diffusion. It was perfectly spherical, with a diameter of approximately 1.1 mm. SEM observations of the Si sphere after P diffusion showed no signi cant differences in shape and diameter (not shown). Figure 1 (b) shows XRD patterns of the Si spheres. XRD measurements were carried out approximately 20 times for each sample. Hundreds of Si spheres were randomly placed on the sample holder, and the sample setting was varied for each measurement. Si 111 peaks were observed in the XRD pattern of each sample; however, two Si diffraction peaks were observed for each data acquisition on average. The crystal growth mechanism of the Si spheres was presumed to be the same as that previously reported, except that previously the Si 111 plane grew on the Si sphere surface, such that the resulting Si spheres were polycrystalline.
15)
The average lattice constants of the Si spheres before and after P diffusion were estimated from the diffraction data to be 0.5439 and 0.5453 nm, respectively. This result was in contrast to previous reports, where the Si lattice constant decreased with increasing B and P dopant content. The atomic radii of Si, B, and P are 111, 85, and 100 pm, respectively. 29) This lattice shrinkage was explained by Vegard s law; namely, if the amount of B doped into the Si crystal lattice increases, then the Si lattice shrinks considerably, while if the amount of doped P increases similarly, then the Si lattice shrinks more modestly. However, if P atoms entered interstices between Si atoms, then the Si lattice could theoretically expand. Thus, lattice expansion of the Si spheres in the present work was attributed to interstitial P atoms in the Si matrix, as shown in Fig. 2 . Optical absorption spectra of the Si spheres are shown in Fig. 3(a) . The Si spheres absorbed wavelengths of 300 to 1150 nm, and the absorbance of the Si spheres increased upon P diffusion. The pro le of the optical absorption spectra at 370 nm changed upon P diffusion. These results suggested that the crystallinity of the Si spheres changed upon P diffusion. The Tauc relationship was used to estimate the bandgap of the Si spheres before and after P diffusion:
where h, ν, α, A and r are Planks constant, the light frequency, absorption coef cient, proportional constant, and power index which depends on the nature of the transition, respectively. In the present study, r = 1/2 was used for the Si spheres, since Si is an indirect transition semiconductor. Figure 3(b) shows Tauc plots of the Si spheres. From the intersections of the dashed lines, the bandgaps of the Si spheres before and after P diffusion were estimated to be 1.04 and 1.05 eV, respectively. This minor difference was attributed to P diffusion. The P content of the Si spheres was then measured. B and P were not detected (ND) in the Si spheres before P diffusion, but P was detected in the Si spheres after P diffusion. The compositions of the Si spheres including their Si, B, and P contents are shown in Table 1 . The P concentration estimated from EDS was in good agreement with that from a previous report, 30) as shown in Fig. 4(a) . SIMS analysis of the Si spheres after P diffusion is shown in Fig. 4(b) . The collected SIMS data was quanti ed and normalized to a Si standard sample. SIMS analysis revealed a P concentration of approximately 1 × 10 19 atoms cm
, at a depth of approximately 400 nm. The carrier concentration (n) in the P diffusion region was estimated from the relationship between n and the electrical conductivity (σ):
where µ n is the electron mobility of 1350 cm 2 V
, µ p is the hole mobility of 480 cm 2 V 31) e is the electron charge, and n i is the intrinsic carrier concentration of Si. Here, n i is given by:
where N c is the effective density of states of 2.86 × 10 19 cm
for the conduction band, N v is the effective density of states of 3.10 × 10 19 cm −3 for the valence band, 31) E g is the bandgap of the Si spheres, k B is the Boltzmann constant, and T is the absolute temperature. An E g of 1.05 eV estimated from the Tauc plot in Fig. 3(b) , and a T of 300 K, were used in the current study. The sheet resistance of the Si spheres measured using a four-point microprobe was found to be approximately 40 Ω/ . The n value of the Si spheres was estimated to be ~1.2 × 10 19 cm
, at a depth of approximately 100 nm, considering the P diffusion gradient. This value agreed well with that from the SIMS results. Figure 5 (a) shows a SEM image of a Si sphere coated with an annealed SnO x :F y lm. The Si sphere was uniformly covered with the SnO x :F y lm. The diameter of the Si sphere and SnO x :F y lm was estimated to be approximately 1.1 mm, which was comparable to that of the Si sphere in Fig. 1(a) . XRD patterns of as-prepared and annealed SnO x :F y lms on the Si spheres are shown in Fig. 5(b) . Diffraction peaks corresponding to SnO 2 were observed for both samples, indicating that the polycrystalline SnO x :F y lms were of the rutile-type tetragonal system (space group P4 2 /mnm).
SnO x :F y lms
32) Lattice constants of the SnO x :F y lms were estimated, and are shown in Table 2 . The a-axis lattice constant of the annealed SnO x :F y lm was smaller than that of the as-prepared SnO x :F y lm, suggesting that interstitial F atoms were removed or substituted for oxygen sites upon annealing. 12) In the SnO 2 :F lm, F atoms appeared to be the most favored substituent, because . Because of these reasons, the lattices containing O 2− and F − are nearly geometrically indistinguishable. The unit cell volumes (V) of the SnO x :F y lms were calculated from the lattice constants, and are shown in Table 2 . V decreased due to lattice shrinkage. The crystallite sizes (D) of the SnO x :F y lms were estimated using Scherrer s equation:
where λ, β and θ are the X-ray wavelength (0.154184 nm), full width half maximum and Bragg angle, respectively. D values of the SnO x :F y lms are shown in Table 2 . D was largely unaffected by annealing. Figure 6 (a) shows optical absorption spectra of the as-prepared and annealed SnO x :F y lms. The absorption spectra were obtained by subtracting the signal of the Si spheres with p-n junctions from the signal of the spherical Si/SnO x :F y lms. Characteristic peaks at 270-280 nm were observed for both samples, and were derived from SnO x :F y . The peak intensity of the as-prepared SnO x :F y lm was higher than that of the annealed SnO x :F y lm. This suggested that changes in the structure and re ection index of the SnO x :F y lm occurred upon annealing. 12) Re ective indices vary with wavelength, so optical absorption would be in uenced by the re ective index of an AR lm. Figure 6 (b) shows Tauc plots of the as-prepared and annealed SnO x :F y lms, where r = 2/3 was used in eq. (1) since SnO 2 is a direct-forbidden transition semiconductor. 34, 35) The bandgaps of the as-prepared and annealed SnO x :F y lms were estimated from the intersections of the dashed lines to be 3.44 and 3.49 eV, respectively. Figure 7 (a) shows optical transmittance spectra of the SnO x :F y lms grown on SiO 2 glass substrates. The average transmittance in the visible region was nearly 80%, indicating that these AR lms exhibited good transparency. Compared with the as-prepared SnO x :F y lm, the transmittance of the annealed SnO x :F y lm was improved in the range 250-600 nm. This improvement corresponded to the wavelength of maximum irradiation of the AM 1.5 solar spectrum, as shown in Fig. 7(b) . 36) Thus, higher conversion ef ciencies should be anticipated from annealing. However, the opposite trend was observed in the range 600-1000 nm. To con rm this annealing effect, the resistivities of the SnO x :F y lms were also measured. The resistivities were 9.8 × 10 −4 and 7.8 × 10 −4 Ωcm for the as-prepared and annealed SnO x :F y lms, respectively. Changes in the transmittance and resistivity were due to changes in the F/(O+F) ratio. The compositions of the SnO x :F y lms were analyzed, and the Sn, O, and F contents are shown in Table 3 . The F/(O+F) ratio of the SnO x :F y lm decreased from 0.25 to 0.19 upon annealing. It was reported by our group that the resistivity of F-doped SnO 2 lms on Si spheres depended on F content. 37) This resulted in changes in a-axis lattice constant, bandgap, transmittance and resistivity of the SnO x :F y lms, and improved the conversion ef ciencies of the spherical Si solar cells with SnO x :F y layers.
The single-crystal Si spheres in the present study were prepared by melting at temperature slightly above the melting point of Si, and then slow cooling to form p-type Si spheres. 12, [23] [24] [25] This process is very important. The in uence of undercooling temperature on spherical Si crystals has been previously investigated. A high undercooling temperature (ΔT > 200 K) induced many grains and poor crystallinity. 8) In terms of solar cell performance, grain boundaries in spherical Si solar cells act as carrier recombination sites. Thus, care should be given to avoiding grain boundaries. Furthermore, the XRD patterns of the SnO x :F y lms were characteristic of SnO 2 . However, the Sn/O ratios of the lms were not stoichiometric, and signi cant F contents were also detected by EDS. These results would give rise to lattice expansion.
Controlling the microstructures of Si spheres and AR lms by using suitable starting materials, dopant types and concentrations, and annealing and deposition conditions, is important for improving the conversion ef ciency of spherical Si solar cells. Defect states can arise as oxygen vacancies upon high temperature annealing. These can lead to defect levels in the bandgaps of AR lms, which may degrade the lm quality. 38) Careful consideration of the band structures at semiconductor/semiconductor and semiconductor/metal interfaces is also necessary.
12)
Conclusion
Si spheres were prepared by the powder melting method, and their microstructures and optical properties were investigated. XRD showed that the lattice constant of the Si spheres after P diffusion was larger than that before P diffusion, which was attributed to interstitial P atoms. The optical absorption and bandgap of the Si spheres were improved upon P diffusion. The effect of annealing on the microstructure and optical properties of SnO x :F y lms on the spherical Si solar cells was also investigated. The lattice constant, bandgap, transmittance and resistivity of the SnO x :F y lm changed, because of the varying F/(O+F) ratio of the SnO x :F y lm. These ndings may aid the improvement of spherical Si solar cells.
Acknowledgments
This study was supported by the Super Cluster Program of the Japan Science and Technology Agency (JST) and JSPS 
